The prognostic value of pulmonary hypertension (PH) estimated by echocardiography in unselected patients with acute decompensated heart failure (ADHF) is poorly studied. Between November 2014 and September 2018, 657 patients were recruited in a prospective registry of ADHF (ClinicalTrials.gov NCT02444416). The probability of pulmonary hypertension was based on European Society of Cardiology (ESC) guidelines for echocardiographic evaluation. The median survival without all-cause mortality or readmission was 7 months. During the median follow-up period of 15 months, there were 450 events including 185 deaths. In multivariate analysis, the hazard ratio (HR) of all-cause mortality or readmission for patients with a high probability of PH was 1.67 (95% CI 1.29-2.17, p < 0.001) as compared to patients with a low or intermediate probability. The left ventricular ejection fraction (LVEF) and right ventricular function (RVF) were not associated with the primary outcome-HR 1.02 (95% CI 0.81-1.29; p = 0.84) and 0.96 (95% CI 0.76-1.23; p = 0.77) respectively. In patients admitted for ADHF, a high probability of PH as evaluated by echocardiography provided the highest independent prognostic value for mortality and readmission, whereas LVEF and RVF were not associated with prognosis. The identification of patients at high risk of PH by non-invasive measurement conveys important prognostic information and may guide management.
Introduction
Despite the availability of numerous therapeutic agents and advances in patient management, prognosis remains poor in heart failure (HF) [1, 2] . Acute decompensated heart failure (ADHF) is a leading cause of hospitalizations and mortality in patients older than 65 years [3, 4] . Prognosis of HF depends on etiology as well as on factors such as age, renal function, blood pressure, left ventricular ejection fraction (LVEF), brain natriuretic peptide (BNP) levels and certain comorbidities [5] [6] [7] [8] . The prognostic value of pulmonary hypertension (PH) as estimated by echocardiography in unselected patients with acute decompensated heart failure (ADHF) has previously been addressed in small or pilot studies with <1 year follow-up, suggesting incremental prognostic information and ominous prognosis [9, 10] . Cardiac function, and in particular left ventricular ejection fraction (LVEF) has a contrasting prognostic value [11] . Furthermore, HF with reduced ejection fraction (HFrEF) and HF with preserved ejection fraction (HFpEF) have a similar prognosis [12] . The added prognostic value of right ventricular function (RVF) and pulmonary artery pressure (PAP) has been evaluated in chronic HFrEF and HFpEF, but with diagnostic techniques seldom available in standard management settings of patients admitted with ADHF [13] [14] [15] [16] [17] [18] [19] . RVF is sensitive to afterload and its prognostic value may in fact be intimately linked to PAP and particularly to PH [14, 19] . The importance of these parameters in patients admitted with ADHF is unclear. European Society of Cardiology (ESC) guidelines for the diagnosis and treatment of PH state that echocardiography should always be performed when PH is suspected [20] . The purpose of this study was to further evaluate the prognostic value of the echocardiographic probability of PH, independently of LVEF and RVF, as evaluated by standard echocardiography in patients with ADHF.
Methods

Patients
Between November 2014 and September 2018, consecutive patients with ADHF admitted to the Department of medicine were recruited in a prospective registry of acute heart failure at the University Hospitals of Geneva (ClinicalTrials.gov NCT02444416). The study included patients with symptoms of heart failure based on the European Society of Cardiology (ESC) definition, such as dyspnea, ankle swelling and fatigue, accompanied by signs of heart failure such as elevated jugular venous pressure, pulmonary crackles or peripheral edema due to structural and/or functional cardiac abnormality [6] . Additional inclusion criteria were elevated brain natriuretic peptide (BNP) levels >100 ng/L, or pro-BNP levels >300 ng/L. All patient data were reviewed by a senior investigator, with expertise in the diagnosis and management of heart failure. The protocol was approved by the institutional ethics committee (protocol CER 14-019), and all patients gave written informed consent.
Information, including age, gender, weight, smoking status, a full medical history and medical therapy at admission, throughout hospital stay and at discharge were recorded. Clinical presentation, including New York Heart Association (NYHA) dyspnea class, and clinical parameters, such as blood pressure, heart rate, and weight, were also recorded at admission and throughout hospital stay. Customary investigations were carried out on all patients, including full blood count, urea and electrolytes, electrocardiography, and echocardiography.
Outcomes were collected at 3, 12 and 24 months, and yearly afterwards, and included mortality, readmission, clinical state, and medication. Follow-up was carried out through contact with treating physicians and examination of hospital medical records.
Echocardiography
Echocardiography was analyzed by experienced staff cardiologists. Left and right cardiac chamber characteristics were recorded, and patients were classified according to ESC guidelines as having heart failure with either HFrEF if LVEF was <40%, mid-range ejection fraction (HFmrEF) if LVEF was between 40% and 49%, or HFpEF if LVEF was ≥50%, using both elevated natriuretic peptides and relevant structural heart disease or diastolic dysfunction as additional criteria [6] . Right ventricular function (RVF) was defined as normal if tricuspid annular plane systolic excursion (TAPSE) was ≥16 mm and pulsed wave tissue Doppler velocity of the tricuspid annulus (s') ≥9 cm/s. RVF was also defined as normal if one of either TAPSE or s' recording was below the respective threshold, but radial function was normal. RVF was defined as decreased for TAPSE <16 mm and s' <9 cm/s, or if one of either TAPSE or s' values was above their respective threshold but radial function was decreased. The probability of pulmonary hypertension was based on European Society of Cardiology (ESC) guidelines echocardiographic evaluation [20] . Low probability was defined as peak tricuspid regurgitation velocity (PTRV) ≤2.84 m/s or not measurable, and no other echocardiography signs of PH; intermediate probability was defined as PTRV ≤2.84 m/s or not measurable with other signs of PH, or PTRV 2.85-3.4 m/s and no other echocardiography signs of PH; high probability was defined as PTRV 2.85-3.4 m/s with other signs of PH, or PTRV >3.4 m/s. Other signs of PH were end systole right atrial area >18 cm 2 and flattening of the interventricular septum (left ventricular eccentricity index >1.1 in systole and/or diastole, defined as the ratio of the anterior-inferior and septal-posterolateral cavity dimensions at the mid-ventricular level). As both low and intermediate probability can be estimated even with low or non-measurable PTRV, two categories were used for analysis: a low and intermediate probability of HP versus a high probability of PH.
Study Outcomes
The primary outcome was all-cause mortality or readmission. Secondary outcomes were all-cause mortality, cardiovascular death or readmission, and cardiovascular mortality. Death or readmission were considered as being of cardiovascular origin if related to heart failure, ischemic heart disease or stroke.
Statistical Analysis
We used median (interquartile range) for continuous data, and number (%) for categorical data, as appropriate. Student or Mann-Whitney-Wilcoxon tests were used for comparing quantitative data, and Chi-square or Fischer tests for categorical comparisons. The distribution of these variables was tested, and non-parametric tests were used when the distribution was not normal. For the study outcomes, we used survival analysis with Log-Rank test for the unadjusted analysis, Kaplan-Meier plots, and Cox proportional hazard models for multivariate exploration. The multivariate model included variables that were associated with outcome on unadjusted analysis (p < 0.02), as well as commonly recognized variables identified in previous studies. Patients for whom follow-up was not available were censored. Statistical analysis was performed using the R statistical software package, version 3.1.1 (www.cran.r-project.org).
Results
Baseline Characteristics
Between November 2014 and September 2018, 657 consecutive patients were included. The median age was 78.7 years; 117 patients had a high probability, and 540 had a low or intermediate probability of PH. Baseline characteristics were comparable across both groups (Table 1 ). In patients with a high probability of PH, proportionally more patients had a reduced RVF as compared to those with a low or intermediate probability of PH, with no significant difference for left ventricular function. Clinical, comorbidities and biological parameters at admission were similar in both groups, including NYHA class, blood pressure, and BNP levels. There was no significant difference in gender or BMI. With respect to medication at admission, proportionally more patients with a high probability of PH had loop diuretics (Table 2 ). There were five patients lost to follow-up. The median follow-up period in this cohort was 15 months (interquartile range (IQR) 6-24 months); there were 450 events during this period including 185 deaths. The median survival without death or readmission was 7 months (IQR 5-9 months).
Association between LVEF, RVF and PH and All-Cause Mortality or Readmission
On univariate analysis, a high probability of PH, a history of COPD, chronic kidney disease and anemia were associated with a higher risk of of-cause death or readmission, whereas age and BMI were protective (Table 3) . LVEF was not associated with outcome. Of the left-sided valvular diseases, both aortic stenosis (AS) and mitral stenosis (MS) were associated with the outcome. LVEF, RVF and probability of PH were included in the multivariate model, as well as known aetiologias of PH such as left-sided valvular disease (AS and MS) or a history of COPD. Chronic kidney disease, anemia, age and gender were also included either because of significant association on univariate analysis, or because they are established predictors of outcome (Table 4 ) [7] . Table 4 . Adjusted association of the probability of pulmonary hypertension, left ventricular ejection fraction, and right ventricular function with primary and secondary outcomes. On multivariate analysis, the probability of PH was significantly associated with a poor outcome. The hazard ratio of all-cause mortality or readmission in patients with a high probability of PH was 1.67 (95% CI 1.29-2.17; p < 0.001) as compared to patients with a low or intermediate probability of PH (Table 4 ). LVEF and RVF were not associated with the primary outcome with hazard ratios of 1.02 (95% CI 0.81-1.29; p = 0.84) and 0.96 (95% CI 0.76-1.23; p = 0.77) respectively. Aortic stenosis and mitral stenosis were also associated with poor outcome, with HR's of 1.5 (95% CI 1.06-2.12, p = 0.02) and 2.37 (95% CI 1.2-4.66, p = 0.01) respectively, as was a history of COPD (HR 1.47 (95% CI 1.13-1.91; p = 0.004), and chronic anemia (HR 1.31 (95% CI 1.06-1.62; p = 0.01). Of note, there was no significant difference in the proportion of patients with a history of COPD in the two PH groups (Table 1) . Interaction variables with history of COPD × PH, aortic stenosis × PH, and mitral stenosis × PH were tested in a multivariate Cox model and were non-significant. Furthermore, interaction variables of BNP × LVEF, BNP × RVF and BNP x PH were also tested in a multivariate Cox model and were non-significant. When considering all-cause mortality, a high probability of PH was also significantly associated with a poor outcome-HR 2.04 (95% IC 1.38-3.01, p < 001) ( Figure 1 ).
All-Cause
On multivariate analysis, the probability of PH was significantly associated with a poor outcome. The hazard ratio of all-cause mortality or readmission in patients with a high probability of PH was 1.67 (95% CI 1.29-2.17; p < 0.001) as compared to patients with a low or intermediate probability of PH (Table 4 ). LVEF and RVF were not associated with the primary outcome with hazard ratios of 1.02 (95% CI 0.81-1.29; p = 0.84) and 0.96 (95% CI 0.76-1.23; p = 0.77) respectively. Aortic stenosis and mitral stenosis were also associated with poor outcome, with HR's of 1.5 (95% CI 1.06-2.12, p = 0.02) and 2.37 (95% CI 1.2-4.66, p = 0.01) respectively, as was a history of COPD (HR 1.47 (95% CI 1.13-1.91; p = 0.004), and chronic anemia (HR 1.31 (95% CI 1.06-1.62; p = 0.01). Of note, there was no significant difference in the proportion of patients with a history of COPD in the two PH groups (Table 1) . Interaction variables with history of COPD × PH, aortic stenosis × PH, and mitral stenosis × PH were tested in a multivariate Cox model and were non-significant. Furthermore, interaction variables of BNP × LVEF, BNP × RVF and BNP x PH were also tested in a multivariate Cox model and were non-significant. When considering all-cause mortality, a high probability of PH was also significantly associated with a poor outcome-HR 2.04 (95% IC 1.38-3.01, p < 001). ( Figure  1 The probability of PH was also significantly associated with the secondary outcomes, including worse cardiovascular mortality or readmission. The hazard ratio of cardiovascular mortality or readmission in patients with a high probability of PH was 2.04 (95% CI 1.38-3.01, p < 0.001), as compared to patients with a low or intermediate probability of PH (Table 4 ). LVEF and RVF were not associated with this outcome, with hazard ratios of 1.13 (95% CI 0.86-1.48, p = 0.38) and 1.07 (95% CI 0.81-1.40, p = 0.65) respectively. Mitral stenosis and a history of COPD were also associated with poor outcome. These observed associations were similar when considering cardiovascular mortality alone.
Discussion
In this prospective cohort of patients admitted for ADHF, a high probability of PH as evaluated by echocardiography was strongly and independently associated with all-cause and cardiovascular The probability of PH was also significantly associated with the secondary outcomes, including worse cardiovascular mortality or readmission. The hazard ratio of cardiovascular mortality or readmission in patients with a high probability of PH was 2.04 (95% CI 1.38-3.01, p < 0.001), as compared to patients with a low or intermediate probability of PH (Table 4 ). LVEF and RVF were not associated with this outcome, with hazard ratios of 1.13 (95% CI 0.86-1.48, p = 0.38) and 1.07 (95% CI 0.81-1.40, p = 0.65) respectively. Mitral stenosis and a history of COPD were also associated with poor outcome. These observed associations were similar when considering cardiovascular mortality alone.
In this prospective cohort of patients admitted for ADHF, a high probability of PH as evaluated by echocardiography was strongly and independently associated with all-cause and cardiovascular mortality or hospital readmission. The evaluation of PH therefore appears to be particularly important in the initial appraisal and management of patients with ADHF. Furthermore, our study prospectively evaluated PH using routinely available techniques in patients admitted with ADHF.
The additive prognostic value of the echocardiographic estimation of PH in patients with HF is poorly studied and not integrated into current management guidelines of ADHF [6] [7] [8] 21] . Whilst left ventricular function and, more recently, RVF have been shown to be associated with mortality, the relationship between these parameters and prognosis is not systematically demonstrable and the clinical applicability of certain measurement modalities is limited, as acknowledged by American Heart Association and European Heart Society guidelines [6, 8, 11, 12, 21, 22] . Although the independent prognostic value of RVF and PAP has been described, this has been in selected populations, such as patients with idiopathic dilated cardiomyopathy and often in the context of heart transplantation evaluation, or with invasive right heart catheterization [14, 23, 24] . There is a demonstrated inverse relationship between PAP and RVF, although only patients with a high PAP and low RVF have reduced survival [14] . In cases of PH attributed to both a postcapillary component and a superimposed precapillary component, termed "reactive PH" by the authors, a mean PAP >25 mmHg is associated with a HR of 7.6 for all-cause mortality at 6 months [23] . The impact of RVF and PAP coupling has also been described in a community cohort regarding the risk of developing heart failure but the prognostic value of PAP was not addressed [19] . The effects of RVF were also described retrospectively in a cohort of patients with chronic systolic heart failure [18] . In this study, RVF was measured using gated-equilibrium radionuclide ventriculography, PAP was not evaluated, and right ventricular ejection fraction <20% was found to be a significant independent predictor of mortality and hospitalization. Of note, the prognostic value of LVEF is not linear and subject to several confounders [11, 12] .
PH is often multifactorial, but PH associated with left heart disease is the most common form, accounting for up to 80% of cases and is referred to as World Health Organization pulmonary hypertension group 2 [25] [26] [27] [28] . PH can be present in patients with both HFrEF and HFpEF, with the common underlying feature being a chronic increase in left atrial pressure [25] . In addition, nitric oxide-dependent pulmonary vasodilation may be impaired in HF, further contributing to a reactive PH [25] . Left valvular disease often leads to the development of PH, albeit with variability in pulmonary vascular responses, and PH is an important prognostic element in these patients [25, 29] . The gold standard for evaluating PH remains cardiac catheterization, in particular when specific treatment for pulmonary arterial hypertension is being considered. PH is defined by a mean PAP >25 mmHg, a left heart component to PH is considered when pulmonary capillary wedge pressure >15 mmHg or left ventricular end-diastolic pressure >18 mmHg [25] . However, the invasive nature of catheterization, and the number of HF patients and hospitalizations make this type of measurement impractical in routine care. In the clinical setting, echocardiography remains a readily available tool. Our study demonstrates that standard values obtained from echocardiography can robustly predict poor outcome related to PH. In our cohort, the proportion of patients with valvular disease, principally mitral regurgitation and aortic stenosis, was similar in both groups of PH patients, namely a high probability and a low or intermediate probability of PH. Aortic stenosis and mitral stenosis were associated with all-cause mortality or readmission. PH due to lung disease and or hypoxia constitutes the WHO group 3 of PH [30] . In our study, no significant difference in the proportion of patients with a history of COPD was observed between PH groups. Interestingly, a history of COPD was associated with outcomes. HF and COPD share common risk factors and whilst the prevalence of concurrent HF and COPD vary, most studies suggest a rate of between 10% and 40% [31, 32] . As apparent in our study, concurrent COPD has previously been shown to independently predict mortality in patients with HFrEF as well as HFpEF [31, 33] .
The close interaction between LVEF, the development of PH, and RVF is well described, and therefore it could be assumed that the prognostic value of each of these parameters would show a degree of overlap or co-linearity of association. Previous studies have only investigated selected HF patient populations; and furthermore, PH has only been assessed as an independent marker of prognosis only in specific cases such as reactive PH [23] . Our study suggests that when LVEF, RVF and echocardiographic evaluation of PH are simultaneously analyzed in non-selected patients with ADHF, PH is the strongest predictor of poor outcome. Of note, preserved and mid-range LVEF were similar in both patient groups, irrespective of estimation of PH. There was no statistical difference for decreased LVEF in the two PH groups, was present in 24% of patients in the high probability group versus 33.1% in the low or intermediate group (p = 0.05). In addition to the fact that LVEF was not significantly associated with outcome on multivariate analysis, this finding confirms the complex relationship between LVEF and prognosis [11] .
The management of HF, and in particular ADHF, is complex and is well codified for HFrEF-less so for HFpEF. Estimation of prognosis is equally difficult and dependent on intrinsic cardiac properties as well as comorbidities. The clinical implications of this study are that the routine evaluation of PH and its incorporation into the care of patients admitted with ADHF may enable improved risk stratification, particularly for patients with a high probability of PH. Attention to valvular disease and specific therapies for PH such as the appropriate use of diuretics and monitoring may be important in this group.
Our study has limitations. First, because of their observational nature, our findings are limited to association and not causality. Furthermore, despite multivariate analysis, there is residual confounding. Second, data collection on past medical history was based on medical records. In the case of COPD, cross-reference with pulmonary function results was not carried out, which may have led to the misclassification of this exposure risk. The strengths of our study are its prospective design, the consecutive inclusion of patients admitted with ADHF, and the use of robust clinical and biological inclusion criteria based on accepted guidelines and definitions for the identification of patients with HF [6, 8, 34, 35] . Patients with HF but with no acute decompensation or PH were not included in our cohort. Previous studies have, however, specifically investigated non-hospitalized patients in the community or in outpatient settings [14, 36] . In the community, in patients with HFpEF, age and demographics were similar to our cohort, with patients without PH being slightly younger [36] . In an outpatient setting of patients with chronic heart failure, average age was significantly younger than in our cohort, with no difference in patients without PH [14] . In both settings, PH was associated with worse outcomes. Our cohort corresponds to a real-life representation of non-selected patients hospitalized with ADHF, characterized by comorbidities that often co-exist, and the results may be generalizable and have external validity.
Conclusions
In patients admitted for ADHF, a high probability of PH as evaluated by echocardiography, was the strongest predictor of all-cause mortality and hospital readmission. LVEF and RVF were not independently associated with prognosis. This suggests that the non-invasive estimation of PH in this setting provides important prognostic information, and its use in routine patient management could lead to improved clinical outcomes.
